Antibodies of the IgM isotype are often neglected as potential therapeutics in human trials, animal models of human diseases as well as detecting agents in standard laboratory techniques. In contrast, several human IgMs demonstrated proof of efficacy in cancer models and models of CNS disorders including multiple sclerosis (MS) and amyotrophic lateral sclerosis (ALS). Reasons for their lack of consideration include difficulties to express, purify and stabilize IgM antibodies, challenge to identify (non-protein) antigens, low affinity binding and fundamental knowledge gaps in carbohydrate and lipid research.
Introduction
Antibodies of the IgM isotype demonstrate great therapeutic potential for the treatment of various diseases including cancer and CNS disorders [1] [2] [3] [4] [5] [6] [7] . The Vollmers' group identified numerous antibodies in cancer patients for potential use as tumor-specific biomarkers or active therapeutics that are able to kill malignant cells by inducing apoptotic pathways 4, 8, 9 . Interestingly, all identified antibodies with therapeutic potential are of the IgM isotype and belong to the group of "natural autoantibodies" (NAbs).
. The three major NCAM isoforms termed NCAM180, NCAM140, and NCAM120, are alternative splice variants of a primary transcript that vary only in their cytoplasmic domain. Within the CNS, NCAM is the major polysialylated molecule (> 95%) with long, negatively charged sialic acid homopolymers. Polysialic acid with n > 10 is termed PSA but shorter oligomeric structures exist that are also biologically relevant. Other polysialylated proteins expressed in the CNS are SynCAM1 26 , Neuropilin-2 (NRP-2) 27, 28 and a sodium channel subunit 25 (for review see 29 ).
The methods described here permit antigen identification for human and mouse immunoglobulins containing specific kappa (Vκ) light chains (VκI, VκIII or VκIV light chains for human antibodies and VκI light chains for mouse antibodies) irrespective of the antibody's isotype (e.g., IgG, IgM, IgA, IgD or IgE). This limitation is based on use of protein L agarose for immunoprecipitations with antibodies of the IgM isotype. Alternative strategies may include mannose-binding lectins and secondary IgG anti-IgM antibodies covalently linked to agarose beads, which may broaden the applicability of this method to more IgM antibodies including those with lambda (λ) light chains (see discussion). Ratios of serum IgM Vκ light chains compared to IgM λ light chains derived from healthy individuals are 1.5:1 30 .
Based on the chromatographic methodology used here to separate, enrich, and immunologically detect certain molecules 31 , all antigens are required to include at least one small protein domain. The antibody's specific binding epitope can be within or outside the protein domain (e.g., in glycoproteins, lipoproteins). Initial biochemical steps used to identify the specific antigen for HIgM12, respective to narrow down the list of potential candidates, are the most crucial steps in this method. Cell type specific preparations and cell morphology-based characterizations are described for glial cells but this methodology can be extrapolated to accommodate other cell types within or outside the CNS.
There is an urgent need to develop new or modified techniques applicable for the increasing number of IgM antibodies with therapeutic potential for different human disorders particularly in those cases (the majority of IgM antigens) where the antibody targets are carbohydrate or lipid structures.
Protocol
Animal protocols and procedures were conducted in accordance with the National Institutes of Health guidelines and approved by the Mayo Clinic's institutional animal care and use committees (Mayo IACUC protocol number #A51912). 2. Prior to surgery, administer a pentobarbital solution (Stock: 25 mg/ml; 50/100 µl of pentobarbital for early postnatal respective adult stages) via intraperitoneal injection (27 gauge needle and 1 ml syringe). 3. Wait for 2 min or until the animal has reached a surgical plane of anesthesia. Administer additional anesthetic as necessary during the course of each operation to maintain a surgical plane of anesthesia. Use toe pinch-response method to determine depth of anesthesia. Animals must be unresponsive before continuing. 4. Make a 0.5 -1 cm lateral incision through the integument and abdominal wall just beneath the rib cage. Carefully separate the liver from the diaphragm. Make a small incision in the diaphragm using a curved, blunt scissors. Continue the diaphragm incision along the entire length of the rib cage to expose the pleural cavity. 5. Place curved, blunt scissors along one side of the rib cage, carefully displacing the lungs, and make a cut through the rib cage up to the collarbone. Make a similar cut on the contralateral side. Lifting the sternum away, carefully trim any tissue connecting it to the heart. 6. Make an incision to the animal's right atrium using iris scissors to create as large an outlet as possible. Slowly inject 10 ml of phosphate buffered saline (PBS) into the animal's left ventricle (light red; flow rate: 1 ml/min) by using a 10 ml syringe equipped with 27-gauge needle. Do not increase the pressure/PBS flow during the perfusion to avoid tissue destruction. 7. Decapitate neonatal mice by using surgical scissors. 8. Remove the brain by grabbing the eye sockets with a forceps and by inserting a small scissors into the spinal column. Cut the skull toward the front at ear level. Peel back the skull and gently place the brain into a 60 mm Petri dish filled with 10 ml of ice-cold dissecting medium on ice ( Table 1) . Place each brain in a 1.5 ml microcentrifuge tube and immediately store on dry ice (-79 ºC). 9. Incise the cerebellum and brain stem from frozen brains using a clean razor blade on ice. Work quickly to avoid thawing the tissue. 10. Weigh the frozen cerebrum, put in a 15 ml tube on ice and add ice-cold lysis buffer (see Table 1 ) to a final concentration of 150 µg brain tissue per µl lysis buffer. Repeat for remaining cerebra. Keep brains on ice at all times for steps 1.9 -1.11. 11. Homogenize brains in lysis buffer by trituration through a 1 ml pipette tip (10 times) followed by trituration through a 5 ml syringe equipped with 27-gauge needle (10 times). Incubate brain lysates for additional 30 min on ice to allow complete tissue lysis. 12. Remove detergent-insoluble material and brain lipids through serial centrifugation (four rounds at 19,000 x g for 10 min at 4 °C). Discard (white) myelin and cell debris containing pellet but retain the supernatant after every centrifugation step. Aliquot brain lysates and store at -80 ºC.
General CNS Tissue Preparation
2. Per immunoprecipitation reaction transfer 100 µl of Protein L Agarose slurry using a 200 µl pipette into a 1.5 ml microcentrifuge tube. Do not vortex protein L agarose beads! Add 1 ml of IP buffer (see Table 1 ) to each tube. Mix Protein L agarose and IP buffer manually through inversion (five times). 3. Wash protein L agarose beads four times by centrifugation in a benchtop centrifuge (1,000 x g, 2 min, 25 ºC). Take off supernatant using a 200 µl pipette without disturbing the agarose pellet. Repeat washing steps 2.1.2 to 2.1.3 three additional times. 4. Equilibrate protein L agarose in 1 ml of freshly added IP buffer on a roller overnight at 4 ºC.
Antibody-Antigen-Agarose L Complex Formation and Antigen Detection in Western Blots
1. Incubate 30 mg of lysed brain tissue (~ 200 µl lysate) in 1 ml of ice-cold IP buffer with 20 µg of IgM antibody (HIgM12) in a 1.5 ml microcentrifuge tube overnight on a roller at 4 ºC. 2. Spin down protein L agarose beads (from step 2.1.4) in a benchtop centrifuge for 2 min at 1,000 x g, 4 ºC. Discard the supernatant using a 200 µl pipette without disturbing the agarose pellet. Add the chilled antibody-brain lysate solution (from step 2.2.1) to the protein L agarose using a 1 ml pipette. 3. Incubate the antibody-antigen-protein L agarose suspension for 2 hr on a roller at 4 ºC. Wash the antibody-antigen complex attached to agarose L through centrifugation at 1,000 x g for 2 min, 4 ºC. Carefully discard the supernatant without disturbing the pellet and add 1 ml of ice-cold IP buffer containing 0.2% BSA. 4. Repeat the washing step one more time using ice-cold IP buffer containing 0.2% BSA and two additional times using ice-cold IP buffer without BSA. 5. Spin down antibody-antigen complex attached to agarose L at 1,000 x g for 2 min, 4 ºC. Discard supernatant completely first using a 200 µl pipette until ~ 50 µl of solution are left on top of the protein L agarose pellet followed by a 10 µl pipette. Keep samples on ice. 6. Add 40 µl of IP elution buffer (see Table 1 ) per 1.5 ml microcentrifuge tubes, finger flick tubes 6 times and heat for 5 min at 95 ºC. Put samples on ice for 2 min and spin down for 30 sec at 13,000 x g, 4 ºC. 7. Transfer supernatant using a 10 µl pipette (~ 35 µl total) into a fresh 1.5 ml microcentrifuge tube without disturbing the pellet. Confirm absence of Protein L agarose beads by rinsing down a small amount of eluted sample at the inner tube wall. Note: "Granular" protein L agarose beads are clearly visible if present. 8. If protein L agarose beads are present, spin down sample for another 30 sec at 13,000 x g and transfer supernatant to clean tube.
Repeat step until no agarose beads are detectable. 9. Load 10 -20 µl of eluted samples per well on SDS-polyacrylamide gel in a Tris/Glycine/SDS buffer system (see Table 1 ).
Note: Use 7.5% or 4 -20% gradient gels with 50 µl loading volume per well for the detection of PSA-NCAM or NCAM isoforms (gel dimensions (W x L x thickness: 8.6 x 6.7 x 0.1 cm). 10. Run gels for ~ 1 hr at 100 V (1.74 V/cm 2 ) on benchtop. Additional cooling is not required for this step 37, 38 . 11. Transfer proteins to PVDF (polyvinylidene fluoride) membrane (pore size 0.45 µm) for 2.5 hr in the cold room at 100 V (1.74 V/cm 2 ) using cold transfer buffer (5 -10 ºC) (see Table 1 ). 12. Block membranes with 10% (w/v) dry milk powder in PBS-T for 1 hr at 25 ºC on a benchtop orbital shaker, wash membranes twice for 10 min with PBS-T and probe overnight with primary antibody in 5% BSA in PBS-T on an orbital shaker in the cold room. 13. The next morning wash membranes one time briefly with excess PBS-T at 25 ºC (include lid and container) followed by 3 washes with PBS-T for 10 min each on an orbital shaker (80 rpm) (all washing steps are performed at 25 ºC). 14. Add secondary antibody (horseradish peroxidase (HRP)-conjugated anti-human anti-IgM antibody (for HIgM12) (dilution 1:30,000) in 5% dry milk powder in PBS-T for 1hr at 25 ºC on an orbital shaker (70 rpm). 15. Wash membranes extensively one time briefly with excess PBS-T at 25 ºC (include lid and container) followed by 3 washes with PBS-T for 10 min each on an orbital shaker (80 rpm) (all washing steps are performed at 25 ºC).
Mix 1 ml of chilled enhanced chemiluminescence HRP substrate component A (enhanced luminol reagent) with 1 ml of component B
(Oxidizing reagent) (per mini blot) at 25 ºC. 17. Use plastic forceps to transfer the membranes on a paper towel to remove excess liquid (hold them at the very edges). Dry containers with paper towels and put membranes back into the containers (one for each membrane). Immediately add 2 ml of the pre-mixed enhanced chemiluminescence HRP substrate (compound A+B) (step 2.2.16.) to each membrane and incubate for 2 min at 25 ºC on an orbital shaker (90 rpm). Make sure membranes are uniformly moistened by the chemiluminescence reagent. 18. Transfer membranes into a transparent plastic sleeve and remove excess liquid and air bubbles with paper towels. Put membranes in plastic sleeve in a film cassette and eventually tape the plastic sleeve into the cassette. Close the cassette. 19. Take the cassette, film, timer and scissors into the darkroom. Cut off upper right corner from each film for orientation purposes, expose (different) films for different periods of time (10 sec, 1 min, 10 min) and develop films in a film developer. 39 1. Digest lysed brain tissue from postnatal day (P) 7 WT mice and P7 NCAM KO mice (prepared from step 1.12) for 2 hr on ice using endoneuraminidase-NF (ENDO-NF) as illustrated in 
Endoneuraminidase-NF Digestion of PSA Attached to NCAM

Preparation of Rat and Mouse CNS Cultures
1. Preparation of Glass Coverslips 1. Acid-wash 25 mm glass coverslips in 1 M HCl at 50 -60 ºC for 4 -16 hr in a fume hood using a glass container. Agitate coverslips occasionally through gentle swirling. 2. Wash glass coverslips extensively in distilled water (3x). Make sure to wash out the acid between stacked coverslips. 3. Rinse coverslips in 100% ethanol and dry them on Parafilm in a cell culture hood. One day before usage, heat the glass coverslips for 24 hr in a glass container with lid at 100 ºC in an oven. 3. Rat mixed Glia Isolation 40 1. Anesthetize neonatal rats in IACUC approved rodent euthanasia chamber with CO 2 gas supply (fully automatized). Use toe pinchresponse method to determine the animal's unresponsiveness. Decapitate neonatal Sprague Dawley rat (P0P1) (6 -10 pups at a time). 2. Remove the brain by grabbing the eye sockets with a forceps and by inserting a small scissors into the spinal column. Cut the skull toward the front at ear level. Peel back the skull and gently place the brain into a 60 mm Petri dish filled with 10 ml of ice-cold dissecting medium on ice (see Table 1 ). 3. Repeat for remaining rat pups (6 -10 pups). Keep tissue on ice for steps 4.3.2 -4.3.7. 4. Divide the cerebrum along the midline into two cerebral hemispheres and subsequently cut off olfactory bulbs, basal ganglia below the cerebral cortex and the hippocampus with Dumont forceps. Place the isolated cerebral cortex in a clean Petri dish containing dissecting medium on ice. 5. Take one cortex. Remove the meninges with forceps with fine tips under a dissection microscope. 6. Repeat with the remaining cortices. Place all meninges-free cortices into one clean Petri dish on ice. 7. Combine cortical hemispheres from all pups in a 60 mm Petri dish and use a sterile razor blade to dice the brain tissue into 1 mm minced pieces. 8. Transfer the minced brain tissue using a 10 ml pipette into a sterile, uncoated 500 ml glass flask and add 10 ml of ice-cold dissecting medium per rat brain. Gently swirl the flask while adding 1 ml of trypsin solution in HBSS (Hank's Balanced Salt Solution) (5 mg/ml trypsin) to 9 ml of HBSS per rat brain. Add 2% of the total volume in DNase I solution (1 mg/ml) and 2% of the total volume in MgSO 4 solution (3.82% MgSO 4 in HBSS (w/v)) to the brain tissue suspension and swirl gently. Table 1 ). Keep tissue on ice at all times. 2. Divide the cerebrum along the midline into two cerebral hemispheres and subsequently cut off olfactory bulbs, basal ganglia below the cerebral cortex and the hippocampus with Dumont forceps. Place the isolated cerebral cortex in a clean Petri dish containing HBSS on ice. 3. Take one cortex. Remove the meninges with forceps with fine tips under a dissection microscope. Repeat with the remaining cortices.
Place all meninges-free cortices into one clean Petri dish on ice. 4. Transfer cortical hemispheres with 1 ml pipette from each mouse into separate, sterile 15 ml tubes. Add 1.2 ml ice-cold dissecting medium to each brain and mechanically disrupt the brain tissue by pipetting it 2 times up and down using a 1 ml pipette tip. 5. Add 150 µl papain solution (10 mg/ml in PBS), 100 µl DNase I solution (1 mg/ml in HBSS) and 50 µl MgSO 4 (3.82% in HBSS) to each brain and mix by finger flicking. 6. Incubate the brain suspension for 30 min at 37 ºC in a water bath and mix brain suspensions every second minute by finger flicking. 8. Triturate the brain tissue using a FBS-coated 1 ml pipette tip (~ 5 times) until the supernatant becomes turbid. Pass the supernatant through a 40-micron cell strainer and transfer into a clean tube on ice. 9. Pellet mixed glial cells through centrifugation for 5 min at 200 x g, 4 ºC. Aspirate supernatant until ~ 100 µl of medium are left on top of the cell pellet. Resuspend cell pellet by finger flicking (~ 5 times) and add 1 ml of warm mouse growth medium (see Table 1 ). 10. Optionally, dissolve visible cell clusters and lysed cells/precipitated DNA by gently pipetting the cell suspension up and down (five times). 11. Plate mouse mixed glial cells on PDL-coated glass coverslips or 60 mm dishes as described in steps 4.3.19 -4.3.21. Wash cells the next morning with warm mouse growth medium and subsequently every other day. Mouse mixed glia is ready to use for immunocytochemistry 48 -72 hr after plating.
Rat Microglia Isolation
1. Culture rat mixed glia in 75 cm 2 tissue culture flasks in growth medium (see Table 1 ) for 10 days. Shake off microglial cell clusters from mixed glial cultures on a rotational shaker inside a cell culture incubator (5% CO 2 , 37 ºC) at 140 rpm for 1 hr. 2. Take off the microglia-containing supernatant from mixed glia cultures, pass it through a 40-micron cell strainer and keep the cell suspension in sterile 50 ml tubes. Note: Microglial cultures are typically > 95% pure after this step with few contaminating OPCs and very few astrocytes. 3. Optionally, replace growth medium on mixed glia cultures for future microglial shake-offs. Typically perform multiple microglial shakeoffs (once per week) from mixed glial cultures. 4. Optionally, to get purities higher 95% plate 10 ml of the microglia-containing supernatant (step 4.5.2) per 100 mm Petri dishes and incubate in a cell culture incubator for 30 min at 37 ºC. Only microglia will attach to Petri dishes, while astrocytes and OPCs remain in the supernatant. 5. Gently shake Petri dishes clockwise and counterclockwise (five times each) in the cell culture hood. Aspirate cell culture medium completely and replace with 10 ml of growth medium. Resulting microglia cultures are > 98% pure. 6. Culture microglia for up to 7 days in DMEM supplemented with 1% FBS and 1% penicillin/streptomycin.
Rat OPC/oligodendrocyte Isolation
1. To obtain highly enriched OPC cultures shake off microglial cells first from 10 day old mixed glial cultures grown in 75 cm 2 flasks on a rotational shaker within a cell culture incubator (5% CO 2 , 37 ºC) at 140 rpm for 1 hr. Discard microglia only-containing supernatant or use for microglia-specific experiments (see step 5.5). 2. Replace the microglial-containing supernatant with 10 ml growth medium and shake off mixed glial cultures for another 18 hr on a rotational shaker at 200 rpm (5% CO 2 , 37 ºC). 3. Collect the microglia-and OPC-containing supernatant from mixed glia cultures and pass through a 40-micron cell strainer. Collect the cell suspension in sterile 50 ml tubes. 4. Optionally, replace growth medium on mixed glia cultures for future OPC shake-offs.
Note: OPCs continue to proliferate on astrocytic feeder layers and can be shaken-off a second and third time (once per week), albeit with lower yields. 5. Plate 10 ml of the microglia-and OPC-containing supernatant into 100 mm Petri dishes and incubate in cell culture incubator for 30 min at 37 ºC. Microglia will attach to the Petri dishes, while OPCs and astrocytes remain in the supernatant. 6. Gently shake Petri dishes clockwise and counterclockwise (5 times each) in a cell culture hood. Take out only a few Petri dishes at a time from cell culture incubator (microglia will start dislodging from Petri dishes when shaken vigorously in cooler medium). 7. Collect and combine the OPC-containing supernatant in 50 ml tubes. Optionally, add culture medium to Petri dishes for use in microglia-specific experiments. 8. Optionally, to further increase the purity of OPC cultures repeat steps 5.6.5 and 5.6.6 once with fresh Petri dishes to lower the extent of microglia in OPC preparations. 9. Spin down enriched OPC-containing supernatant in centrifuge for 5 min at 250 x g, 4 ºC. Gently aspirate the supernatant without disturbing the cell pellet. Leave 3 ml of the supernatant on top of the pellet and start resuspending OPCs by finger flicking (10 times). 10. Gently triturate OPC cell clusters by using a 10 ml pipette (5 -10 times). 11. Count cells and plate 50,000 OPCs per 25 mm glass coverslip (PDL-coated) in a puddle of 400 µl growth medium in a 6-well dish and let cells attach for 30 min in a cell culture incubator (5% CO 2 , 37 ºC). Gently add 2 ml of warm proliferation medium (see Table 1 ) to each well. For PDL-coated 60 mm cell culture dishes, plate 1 -1.5 million OPCs in 3 ml of proliferation medium. 12. Carefully replace FBS-containing proliferation medium with fresh proliferation medium 3 hr after plating the OPCs (make sure OPCs attached properly and do not dislodge during medium change). Exchange medium every second day. Note: Rat OPC cultures prepared using this protocol are typically 90% pure with microglia as the major contaminating cell type, followed by astrocytes. 
Immunocytochemistry Using HIgM12 in Primary Glial Cells
Discussion
Human natural IgM autoantibodies are appealing candidates for immunotherapies and have demonstrated therapeutic potential for the treatment of various diseases including cancer and CNS disorders [1] [2] [3] [4] [5] [6] [7] . Advantageously, these antibodies will not elicit an immune response in which the generation of neutralizing antibodies substantially reduces the effective therapeutic dose and efficacy. Importantly, all antibodies with therapeutic potential have been of the IgM isotype and belong to the NAb repertoire [3] [4] [5] 8, 9, 37, 40, [42] [43] [44] [45] . A major hurdle for the potential clinical application of IgM antibodies is the identification of their antigens, which are undetermined in many cases. Standard techniques employed for IgG antibodies are often not applicable to identify an IgM's antigen.
This protocol describes the identification of PSA-NCAM as the antigen for the regenerative human IgM antibody HIgM12, effective in animal models of MS and ALS [15] [16] [17] [18] . The methodology used is principally applicable to all human antibodies with specific Vκ light chains VκI, VκIII and VκIV and mouse antibodies with VκI light chains, irrespective of the antibody's isotype.
The most critical step in this protocol is the use of IgM antibodies in affinity chromatography applications. More specifically, successful antibodies are required to act as pull-down agents in immunoprecipitations to isolate or to enrich an antigen out of complex tissue-or cell-culture lysates. Enriched antigen fractions may be compared to immunoprecipitations from isotype control antibodies and subsequently analyzed for differences by mass spectrometry. One essential requirement or limitation of this step is the presence of the correct antibody Vκ light chain and host (human, mouse) to enable antibody binding to protein L agarose. Use of mannan-binding protein bound to agarose (also called mannose-binding lectin) instead of protein L agarose is a potential alternative to immunoprecipitate IgMs without specific Vκ light chains. However, as stated by , antigen-bound IgM antibodies do not bind to mannan-binding protein, as the target glycan appear to become inaccessible once the IgM has bound to its antigen. Based on these findings mannan-binding protein cannot be used as a binding matrix to immunoprecipitate antigen-loaded IgM molecules 35 . Other potential alternatives might be the use of secondary agarose-bound anti-IgM IgG antibodies 46, 47 or use of surface-activated magnetic beads 48 . IgG antibodies directed against IgMs could be chemically crosslinked to agarose A or agarose G in order to reduce the extent of eluted antibody together with the antigen of interest. A proper comparison between different variants of IgM immunoprecipitation with respect to successfully identified antigens is difficult because most immunoprecipitations were performed to isolate or deplete IgMs without further interest in their antigens. In addition, immunoprecipitations using IgMs were mainly used to confirm an already known or expected single antigen with antibody exposure to purified antigens 49 . A disadvantage of agarose-coupled IgGs directed against human IgMs is a very low yield (10 -15%) of immunoprecipitated serum IgM molecules when compared to the starting material 50 . In contrast, surface-activated magnetic beads were successfully applied to antibodies of different isotypes including IgM to immunoprecipitate scrapieassociated fibrils 48 . This method is not restricted to specific kappa (Vκ) or lambda (λ) chains or a particular host and may substantially broaden the spectrum of IgM antibodies used in immunoprecipitations.
Another important step in the protocol is the antibody's ability to function as a detecting antibody (primary antibody) in Western blots or other screening platforms. Successful antibodies must target their antigen with sufficiently high affinity to allow antigen binding in the presence of non-ionic or possibly ionic detergents. High affinity antibodies are common among affinity-maturated IgG antibodies, but less common among antibodies of the IgM isotype, which is one of the reasons why there are relatively few commercially available IgM antibodies as detecting agents in biochemical settings. High affinity binding of antibodies is a requirement for immunoprecipitations of molecular antigens and for Western blotting. Lowering detergent concentrations or the complete absence of detergents in IP buffers and lysis buffers allows antigen targeting by lowaffinity antibodies via its Fab domain. In contrast, the antibody's ability to target protein L agarose via its Fc portion is not substantially affected among isotype controls over a range of different detergent concentrations. However, low detergent concentration in lysis buffer and IP buffer prevents cell membrane disruption and isolation of specific molecules. Similarly, a low detergent concentration in Western blot washing buffers (e.g., PBS-T) allows antigen binding of low-affinity antibodies but at the same time increases non-specific binding and is therefore not an option.
The presence of an antigen protein core is another requirement for this method. Proteins with posttranslational modifications (e.g., glycoproteins, lipoproteins) and unmodified proteins, but not sole lipids or carbohydrates, are detectable in Western blots. It is not possible to immunoprecipitate lipids (e.g., sphingolipids) from tissue or cell lysates in the presence or absence of detergents. The physicochemical properties of detergents and lipids are too similar to allow selective lipid-antibody interactions, while at the same time detergents are essential to disrupt membranes in order to allow selective isolation of specific molecules. To our best knowledge, immunoprecipitations solely comprised of carbohydrate, in the absence of a protein core, have not been previously reported. This becomes particularly relevant because IgM antibodies frequently target carbohydrates and glycolipids, which are not necessarily linked to a protein unit. Other chromatographic techniques are required for the separation and immunologic identification of lipids and carbohydrates in the absence of a protein core. For example, thin layer chromatography (TLC) of cellular lipids with subsequent antibody detection on the TLC plate (immuno-TLC) can be implemented 51, 52 .
Other anti-PSA antibodies have been described in previous studies and results compared with HIgM12 as well as the commercially available anti-PSA IgM (clone 2-2B). The most commonly used antibody in the field of PSA is an IgG antibody (clone 735) available as mouse monoclonal or rabbit polyclonal antibody 53 . This anti-PSA IgG antibody detects PSA on SynCAM and NCAM on different CNS cell types including microglial cells 41 . In contrast to the anti-PSA IgG antibody, human IgM antibodies HIgM12, HIgM42 and the anti-PSA mouse IgM (clone 2-2B) are unable to target PSA on SynCAM (but on NCAM) at various embryonic and early postnatal stages in mice, while non-polysialylated SynCAM is easily detectable 15 . The IgM antibodies used are also not able to detect PSA on microglial cells (Figures 3 + 4) . A possible explanation for differences observed between antibody isotypes may be low PSA-SynCAM levels compared to levels of PSA-NCAM combined with the potentially lower affinity binding of IgM antibodies compared to the anti-PSA IgG. To test this hypothesis, we performed immunoprecipitations in NCAM KO animals at embryonic stage E17 with vast amounts of SynCAM present and used HIgM12 as a "pull-down agent" 15 . In E17 WT littermate controls HIgM12 immunoprecipitated PSA-NCAM to an extent that showed similar intensities of "pulled down" PSA-NCAM compared to the IgMs heavy chain as detected by densitometry in subsequent Western blot using eluted antigens. This outcome suggested at least a sufficient affinity of HIgM12 to its target PSA. In contrast to WT littermate controls HIgM12 did not detect PSA attached to SynCAM in NCAM KO animals. Identical results were obtained in immunoprecipitations using the human anti-PSA IgM HIgM42. HIgM12 and HIgM42, as well as the mouse anti-PSA IgM (clone 2-2B) were unable to target PSA on SynCAM in Western blots from WT and NCAM KO animals at embryonic and postnatal developmental stages. Given the low amount of HIgM12 required (0.1 µg/ml) to specifically detect PSA attached to NCAM in Western blots using small amounts of CNS tissue (0.1 µg CNS tissue per well) 15 it appears to be unlikely that low affinities alone are responsible for complete lack of PSA-SynCAM detection by HIgM12 in three different methods.
We conclude that there are significant differences between anti-PSA IgM antibodies and the frequently published anti-PSA IgG antibody (clone 735). It is not clear why commercially available anti-PSA IgM antibodies were not used more frequently in the past to confirm results obtained with antiPSA IgG antibody 735. This is particularly interesting because HIgM12 has already proven efficacy in different disease models. While other anti-PSA IgM antibodies may have similar therapeutic effects it remains unclear whether the anti-PSA IgG antibody (clone 735) has a similar therapeutic outcome in models of MS and ALS.
In brief, methods described here were used primarily to identify the antigen of the regenerative human antibody HIgM12 to support potential clinical trials for MS and possibly other neurodegenerative diseases. The identification of antigens for antibodies with biological activity is as essential step to understand their mechanism of action. This becomes particularly relevant in the context of numerous monoclonal antibodies currently being tested for safety and efficacy in human trials. While the number of clinically tested IgM antibodies to date is small, recent advances in hybridoma technology together with an increasing number of studies highlighting the therapeutic potential of this antibody class 1-10,37,40,42-45 urges the development of new or modified methods applicable to identify non-protein IgM antigens.
